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The Pathology of the Feline Model of Mucopolysaccharidosis VI
Abstract
Three cats with feline arylsulfatase-B-deficient mucopolysaccharidosis were studied by light and transmission
electron microscopy. Membrane-bound cytoplasmic inclusions were present in hepatocytes, bone marrow
granulocytes, vascular smooth muscle cells, and fibroblasts in skin, cornea, and cardiac valves. Central nervous
system lesions were restricted to mild ventricular dilatation, perithelial cell vacuolation, and, in one animal,
cord compression by vertebral exostoses. The lesions in these cats closely resembled those described in human
patients with mucopolysaccharidosis VI (Maroteaux-Lamy syndrome).
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The Pathology of the Feline Model of
Mucopolysaccharidosis VI
Mark E. Haskins, VMD, PhD, Gustavo D. Aguirre, VMD, Peter F. Jezyk,
PhD, VMD, Donald F. Patterson, DVM, DSc
Three cats with feline arylsulfatase-B-deficient mucopolysaccharidosis were studied by
light and transmission electron microscopy. Membrane-bound cytoplasmic inclusions
were present in hepatocytes, bone marrow granulocytes, vascular smooth muscle cells,
and fibroblasts in skin, cornea, and cardiac valves. Central nervous system lesions were
restricted to mild ventricular dilatation, perithelial cell vacuolation, and, in one animal,
cord compression by vertebral exostoses. The lesions in these cats closely resembled those
described in human patients with mucopolysaccharidosis VI (Maroteaux-Lamy syn-
drome). (Am J Pathol 1980, 101:657-674)
THE GENETIC MUCOPOLYSACCHARIDOSES (MPS) are a group of
diseases which result from defects in glycosaminoglycan (GAG) metabo-
lism. At present, there are 10 subclassifications in man, each of which has
a characteristic combination of clinical signs, urinary GAG excretion, and
a specific lysosomal enzyme deficiency."
Two of these subclasses have recently been described in domestic
cats.49 This report describes the clinical features and the gross, histologic,
and ultrastructural pathologic features of MPS VI (Maroteaux-Lamy syn-
drome) in cats and compares the lesions in cats with those described in
man.
Materials and Methods
Three cats clinically affected with mucopolysaccharidosis were utilized in this study.
The animals excreted excess dermatan sulfate in the urine. Activity of the enzyme aryl-
sulfatase B in peripheral leukocytes was markedly decreased (8.2, 10.4, and 13.2 vs 129
nmoles p-nitrocatechol sulfate hydrolyzed/hr/mg protein in leukocytes from normal ani-
mals).8 Two of the animals were Siamese, 2- and 5-year-old females (Cats 1 and 3, respec-
tively, Text-figure 1) that were raised as house pets until donated by the owners. The third,
a 10-month-old black male (Cat 2), was produced within the Medical Genetics animal col-
ony of the School of Veterinary Medicine, University of Pennsylvania, by breeding an obli-
gate carrier male (Siamese) to one of his carrier daughters (Siamese-domestic short-haired
cross).
One clinically normal Siamese cat, having leukocyte arylsulfatase B levels within nor-
mal limits, was used as a control animal for electron-microscopic studies.
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Family 1
ID +TEXT-FIGURE 1-The pedigree
of 3 families of inbred cats with
Family 2> Family 3mucopolysaccharidosis VI. The>Family 2 4 Family 3 V individuals described in this re-
port are a 2-year-old female
+
~~(Cat 1), a 10-month-old male
+ (Cat 2), and a 5-year-old female
+ + + +
(Cat 3).
Z Clinically normal male U. Mucopolysaccharidosis
0 Clinically normal female + Dead
The animals were killed by intravenous administration of an overdose of barbiturate and
necropsied. Unfixed tissue samples were frozen in liquid nitrogen and processed by one of
two methods: 1) tissues were sectioned on an IEC CTF microtome-cryostat and stained
with periodic acid-Schiff and alcian blue; 2) tissues were freeze-dried, embedded in paraf-
fin, dry-sectioned, and placed on an albumin-coated glass slide, heated (45 C) overnight,
treated with CTAB, stained with 1% alcian blue in 1% glacial acetic acid (pH 2.7) and
counterstained with nuclear red. Tissue samples for routine light-microscopic examination
were fixed in 10% buffered formalin, paraffin-embedded, sectioned, and stained with he-
matoxylin and eosin. Bone for light-microscopic examination was immersed in 15% formic
acid for 1 week and then, under negative pressure, treated progressively with water, alco-
hol, xylene, and paraffin. Ten-micron sections were stained with hematoxylin and eosin.
Tissue samples for ultrastructural examination were fixed overnight in cacodylate-buffered
glutaraldehyde at 4 C, postfixed in osmium tetroxide, dehydrated, and embedded in
Spurr's medium 10 or Epon." One-micron-thick sections were stained with azure II-
methylene blue for light-microscopic examination. Ultrathin sections (silver interference)
were taken from selected areas, stained with uranyl acetate-lead citrate, and examined
with a Zeiss EM 9S-2 transmission electron microscope.
Results
Clinical History
All 3 affected cats had facial dysmorphia, with a small head, broad
shortened maxilla, and small ears. Each had diffuse bilateral corneal
clouding resulting from fine granular opacities present at all levels of the
corneal stroma when observed with a slit lamp biomicroscope. The facial
dysmorphia and corneal clouding were first observed at 8 weeks of age in
the animal raised in our colony. Radiographic osseous change was most se-
vere in the oldest cat, but all 3 animals showed evidence of epiphyseal
dysplasia of the long bones and cervical spine, bilateral hip subluxation,
pectus excavatum, and odontoid hypoplasia.8 There was a variable degree
of generalized osteoporosis present radiographically as well as an in-
creased opacity (sclerosis) at the vertebral endplates and articular facets.
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The youngest animal (Cat 2, Text-figure 1) had evidence of ventral
spondylosis in the thoracic spine. The skeletal lesions, observed for 2 years
in the oldest animal (Cat 3), were progressive.
The oldest animal also had progressive locomotor difficulty, the severity
of which reflected the degree of skeletal disease. At 7 months of age Cat 2
developed hind limb paresis with depressed pain perception and in-
creased extensor tone. The animal retained some voluntary control of hind
limb movement and was not incontinent. Vertebral subluxation at T13-LI
was diagnosed radiographically. Other than the above, the animals ap-
peared neurologically intact, active, alert, and responsive.
At 18 months of age Cat 1 developed cutaneous nodules, 4-10 mm in
diameter, over her face and head. These nodules were not pruritic, gradu-
ally regressed, and were not apparent 6 weeks later. Bacterial and fungal
cultures of biopsied tissue were negative.
Necropsy Findings
Liver
Grossly the livers were of normal size and texture. By light microscopy
hepatocellular vacuolation was not apparent; however, Kupffer cells and
interlobular connective tissue cells contained clear areas, some multi-
loculated, within the cytoplasm. Seen by electron microscopy, hepato-
cytes contained up to 20 small (0.5-1.5 ,u in diameter), membrane-bound
granular inclusions (Figure 1). Interlobular connective tissue cells and
Kupffer cells were swollen with membrane-bound inclusions, which were
either empty or contained granular material (Figure 2).
Spleen
Grossly the spleens appeared normal. Seen by light microscopy, the
smooth muscle cells of the trabeculae contained cytoplasmic vacuoles that
did not distort the cell shape. These vacuoles were electron-lucent and
membrane-bound and contained remnants of myelin-like figures (Figure
3).
Eye
Intracytoplasmic vacuoles were present in the cytoplasm of fibroblasts
in the cornea (Figure 4), conjunctiva, iris, sclera, choroid, intrascleral and
choroidal nerves, extraocular muscles, and optic nerve. The cytoplasmic
volume was increased and cell contours were altered (hypertrophy) by the
accumulation of variably sized vacuolated inclusions. By electron micros-
copy, most of the vacuoles appeared electron-lucent, although a faint
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granular matrix of lamellar membranous pattern remained in some (Fig-
ure 5).
In tissue of neuroectodermal origin, the presence of vacuolated intra-
cytoplasmic inclusions varied with the degree of melanin pigmentation.
The pigmented iridal and ciliary epithelial cells were normal. The non-
pigmented ciliary epithelium, analogous to the inner layer of the embry-
onic optic cup, was hypertrophied (Figure 6). The cytoplasm contained
many vacuolated inclusions, which displaced the nuclei apically and com-
pressed the adjacent and otherwise normal pigmented ciliary epithelium.
The variation in ocular disease between pigmented and nonpigmented
regions was best illustrated in the retinal pigment epithelium. (In the cat
the retinal pigment epithelium overlying the tapetum lucidum is not pig-
mented [tapetal pigment epithelium]; the epithelium in areas without a
tapetum is pigmented [nontapetal pigment epithelium].12) The tapetal
pigment epithelium contained many intracytoplasmic vacuolated in-
clusions (Figure 7). Some cells were markedly hypertrophied, resulting in
shortening and disorientation of adjacent photoreceptor outer segments.
On the other hand, the nontapetal pigment epithelium of the periphery
contained no vacuolated inclusion as seen by either light or electron mi-
croscopy. In some areas of the posterior pole, especially in the 10-month-
old black cat, nontapetal pigment epithelial cells contained small to large
aggregates of vacuolated inclusions. In these areas, however, the pigment
epithelial abnormalities were not as uniform and extreme as observed in
the nonpigmented tapetal pigment epithelium. Ultrastructural examina-
tion of the affected pigment epithelial cells indicated that the electron-lu-
cent inclusions were membrane-bound; some contained a fine granular to
lamellar matrix.
Skeleton
As seen by light microscopy, the articular cartilage of the stifle (knee) of
the oldest animal was hypercellular. Large bundles of normal-appearing
collagen were covered by synovium; the subchondral plate appeared scle-
rotic and contained islands of cartilage. The medullary cavity of the meta-
physis was bone-free, lacking endosteal spicules. Tide lines of ossified car-
tilage were present in some areas; however, the epiphyseal trabeculae
were thicker than normal. The cervical vertebrae were deformed and con-
tained islands of cartilage, fibrocartilage, and fibrous tissue. Bony bridges
between vertebrae were present both dorsally and ventrally (Figure 8).
No normal intervertebral disks could be identified. Cartilage in all 3 ani-
mals, from both the rib and the articular surface of the proximal tibia,
contained large cells with a trabecular cytoplasm. Seen by electron mi-
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croscopy, these cells were packed with membrane-bound, empty in-
clusions (Figure 3).
Central Nervous System
The lateral cerebral ventricles of the brains of all 3 cats were larger
than normal, all to an approximately equal degree. Histologically, large
cells containing vacuolated cytoplasm were present in the connective tis-
sue of the meninges and choroid plexi.
The spinal cord from the 10-month-old cat with radiographic evidence
of vertebral subluxation (TJ3-L1) contained dorsolateral depressions imme-
diately caudal to the nerve roots at T13, L1, and L2 (Figure 10). The cord
was gray-brown in this area. The histologic appearance of the cord in the
depressed areas was abnormal in its outline. The peripheral white matter
contained multiple foci of vacuolation with some debris present but no
evidence of myelophagia, astrocytosis, or increased vascularity. One swol-
len axon was noted. The nerve roots fit into indentations along the cord,
indicating compression. The duramater was of normal thickness.
The only electron-microscopic abnormality noted was the presence of
membrane-bound inclusions in the cytoplasm of perivascular cells of the
brain and cord.
Other Systems
Skin: Fibroblasts in skin taken at postmortem examination did not ap-
pear abnormal by light microscopy. However, by electron microscopy
membrane-bound myelin-like figures were present in the cytoplasm of
dermal fibroblasts (Figure 11). The nodules present on the face and head
of Cat 1 were biopsied several months prior to death. Present in the der-
mis were large macrophagelike cells which contained vesicular cyto-
plasm. There was no evidence of an inflammatory cell response or any
substance present between cells or collagen bundles.
Cardiovascular: Grossly, the left atrioventricular valves appeared thick-
ened, white, and nodular. Seen by light microscopy, fibroblasts in the
valves and cordae tendinae appeared ballooned, with a finely vesicular
cytoplasm (Figure 12), which was packed with membrane-bound vesicles
when examined electron-microscopically (Figure 13).
Seen by light microscopy, swollen smooth muscle cells were present in
the media of the aorta and coronary arteries (Figure 14).
Bone Marrow: The inclusions present in cells of the granulocytic series
contained granular (Figure 15), lamellar, and/or crystalloid figures similar
to those previously described in peripheral blood polymorphonuclear
(PMN) leukocytes.7'8
662 HASKINS ET AL American Journal
of Pathology
Discussion
The clinical syndrome of MPS VI in the feline parallels quite closely the
syndrome in man. Both have facial dysmorphia, corneal clouding, osseous
change characterized by epiphyseal dysplasia, peripheral leukocyte gran-
ulation, urinary excretion of excessive amounts of dermatan sulfate, and a
deficiency of arylsulfatase B.9 Neurologic complications in man may in-
clude carpal tunnel syndrome, myelopathy secondary to C1-C2 sub-
luxation 13 and/or cervical cord compression associated with thickening of
the cervical dura.14 In the cat posterior paresis was seen concomitant with
bony encroachment upon the thoracolumbar spinal cord. Skin nodules
similar to those seen in one of the cats have not been reported in MPS VI
in man; however, small cutaneous papules and nodules have been re-
ported to occur over the chest, back, and extremities in human patients
with MPS II (Hunter's syndrome).""'9
The pathology of the feline disease also closely parallels that of the hu-
man mucopolysaccharidoses in general and MPS VI in particular. The
basic lesion in these diseases involves the storage of GAGs within mem-
arane-bound cytoplasmic inclusions (lysosomes), the consequences of
which may include alteration of cell shape, size, and function. The accu-
mulation of GAG is also thought to inhibit other lysosomal enzymes,
which may lead to the accumulation of other products, particularly gly-
colipids.2021 This may explain the presence, seen ultrastructurally, of la-
mellar and/or myelinlike inclusions in a disease where only empty or
granular inclusions would be expected.
Hepatosplenomegaly was not a prominent feature of the disease in the
cat, but the presence of small granular inclusions in hepatocytes and
Kupffer cells is similar to that described in the livers of human MPS VI
patients.2'' A description of the ultrastructure of the spleen has not been
reported in MPS VI in man.
With the exception of the retinal pigment epithelial abnormalities, the
characteristic lesion and its distribution in ocular tissues appears to be
quite similar in man and cat.3''3 Unlike man, the retinal pigment epithe-
lium (RPE) of the cat has pigmented and nonpigmented zones. In feline
MPS VI, the nonpigmented epithelium contained marked accumulations
of vacuolated inclusions, which resulted in hypertrophy of one or several
pigment epithelial cells. The pigmented pigment epithelium, on the other
hand, was normal or mildly affected. The differences in the disease be-
tween these two areas and the possible influences of pigmentation is un-
der investigation at this time. Since the RPE of man is pigmented, a differ-
ent manifestation of the disease, when compared with the cat, is to be
expected.
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The skeletal lesions described for the mucopolysaccharidoses in gen-
eral 19,24 closely resemble those in the feline model; the alterations being
in areas of enchondral calcification. These areas are characterized by the
presence of irregular islands of unossified tissue, irregular zones of provi-
sional calcification, and swollen cartilage cells containing large numbers
of cytoplasmic membrane-bound inclusions, which are densely packed
and frequently coalescent. Such alterations in enchondral calcification
may result from an inability to shift GAG concentration. The precise role
of GAG in calcification is not clear; however, shifts in GAG concentra-
tions are associated with mineralization and are considered important in
normal bone development and remodeling.','
Reports of central nervous system pathology in human cases of MPS VI
have been limited to discussions of hydrocephalus.'3'27 It is not clear in
cats that the enlarged lateral ventricles represent "true" hydrocephalus,
because the dilatation was not marked, the condition did not appear to be
progressive, and it was not associated with clinical signs. Descriptions of
CNS lesions in human patients with MPS VI have not been reported.
There is, however, a report of the histologic and histochemical appear-
ance of the brain in MPS V (presently classified MPS IS), another one of
the MPS diseases. Like MPS VI, MPS V is also characterized by normal in-
telligence.' The neurons in the patient with MPS V were normal. How-
ever, there were perithelial cell lesions similar to those reported in other
MPS diseases in man 1 and similar to those seen in these cats.
Thickened tricuspid and mitral valves containing large cells with gran-
ular cytoplasm have been observed in human patients with MPS VI.
These lesions clinically may result in hemodynamic abnormalities.32 Val-
vular thickening is also present in other MPS syndromes but is prominent
in MPS IS and VI because of the long survival of these patients.'932 The
electron-microscopic appearance of fine reticulogranular inclusions in val-
vular cells is similar to that observed in these cats.'93' Other cardiovascu-
lar lesions of the MPS diseases in man include thickening of the cordae
tendinae and their insertions, endocardial thickening, clear cells, intimal
thickening, and atherosclerotic change of the aorta.",'9'5 Of these, thick-
ening of the cordae and vacuolated aortic smooth muscle cells were seen
in the cats.
The pathology of the skin in MPS VI in man is similar to that seen in
the cat, and it is characterized by subepidermal connective tissue cell vac-
uolation.3' Ultrastructurally the fibroblasts contain membrane-bound
cytoplasmic inclusions, often in coalescing clusters, which are electron-lu-
cent or contain a fine granular matrix and membranous lamellar mate-
rial.31,3,37 The cutaneous nodules of MPS II discussed clinically above
664 HASKINS ET AL American Journal
of Pathology
have been reported to result from an extracellular collection of metachro-
matic material in the lower reticular dermis, producing a separation of
collagen bundles.'8 The skin nodules observed in one cat did not have this
appearance, the predominant lesion being the presence of large rounded
vesicular cells. These cells could represent macrophages that have phago-
cytosed extracellular material.
Feline MPS VI, with its clinical, biochemical, and pathologic similar-
ities to MPS VI in man, should prove to be a useful model in the study of
lysosomal storage disease pathogenesis and approaches to therapy. This is
particularly true because not only is the cat an excellent species for labo-
ratory investigation, but animals with this disease survive comfortably for
many years, thus allowing chronic therapeutic trials.
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Figure 1-Electron micrograph of a hepatocyte which contains numerous membrane bound
granular inclusions (arrows). (Uranyl acetate-lead citrate, x 1900)
Figure 2-Electron micrograph of a periportal connective tissue cell swollen with cytoplasmic
vacuoles. E = bile duct epithelium. (Uranyl acetate-lead citrate, x4800)
Figure 3-Electron micrograph of a smooth muscle cell from a splenic trabeculae. Most cyto-
plasmic vacuoles contain remnants of myelin-like figures (arrows). (Uranyl acetate-lead citrate,
X4800)
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Figure 4-The keratocytes (arrows) in the posterior cornea are enlarged due to the intra-
cellular accmulation of inclusions. Descemet's membrane (D) and endothelium (arrowhead) are
normal. (Azure Il-methylene blue, x630)
Figure 5-The keratocytic cytoplasm contains numerous electron-lucent vacuoles, which are
membrane-bound (arrows). The adjacent corneal stroma (S) is normal. (Azure Il-methylene
blue, x 16,600)
Figure 6-A longitudinal section of ciliary processes demonstrates swelling of the non-
pigmented epithelium (arrowheads) secondary to the accumulation of vacuolated inclusion.
The nuclei are displaced apically (arrows) and compress the adjacent pigmented ciliary epithe-
lial cells. A fibroblast (F) in the stroma of the ciliary process also contains vacuolated in-
clusions. (Azure Il-methylene blue, x400)
Figure 7-Nonpigmented tapetal pigment epithelial cells contain vacuolated inclusions. The 3
cells on the right are massively hypertrophied, and thus photoreceptor outer segment shorten-
ing occurs. The choriocapillaris (arrowheads) indents the basal pigment epithelium. (Uranyl
acetate-lead citrate, x630)
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Figure 8-Light micrograph of the cervical spine of the 5-year-old female cat. Note the bony
bridge (arrows) between the vertebral bodies. The intervertebral tissue is primarily cartilage.
(H&E, x10)
Figure 9-Electron micrograph of a cartilage cell from the articular surface of the proximal
tibia. The cytoplasm is packed with membrane-bound empty inclusions, which appear to have
coalesced in some areas (arrow). (Uranyl acetate-lead citrate, x 1900)
Figure 10-Photograph of the thoracolumbar spinal cord of the 1 0-month-old cat with poste-
rior paresis. Note the discoloration of the cord and the depressions (arrows) just caudal to the
nerve roots.
Figure 11-Electron micrograph of the myelinlike inclusions present within dermal fibroblasts.
(Uranyl acetate-lead citrate, x28,000)

Figure 12-Light micrograph of the mitral valve. Note the large round cells with vesicular cyto-
plasm (arrows). (H&E, x 160)
Figure 13-Electron micrograph of a cell from the mitral valve, filled with membrane-bound
empty inclusions. (Uranyl acetate-lead citrate, x 1900)
Figure 14-Light micrograph of the swollen smooth muscle cells of the aortic media. (Uranyl
acetate-lead citrate, x 100)
Figure 15-Electron micrograph of a bone marrow granulocyte that contains numerous large
membrane bound granular inclusions. (Uranyl acetate-lead citrate, x4800)
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